Nanostructured Metallic Glasses: Tailoring the Mechanical Properties of Amorphous Metals by Brink, T. et al.
Nanostructured Metallic Glasses: Tailoring the
Mechanical Properties of Amorphous Metals
T. Brink, O. Adjaoud, K. Albe
published in
NIC Symposium 2016
K. Binder, M. Mu¨ller, M. Kremer, A. Schnurpfeil (Editors)
Forschungszentrum Ju¨lich GmbH,
John von Neumann Institute for Computing (NIC),
Schriften des Forschungszentrums Ju¨lich, NIC Series, Vol. 48,
ISBN 978-3-95806-109-5, pp. 191.
http://hdl.handle.net/2128/9842
c© 2016 by Forschungszentrum Ju¨lich
Permission to make digital or hard copies of portions of this work for
personal or classroom use is granted provided that the copies are not
made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise
requires prior specific permission by the publisher mentioned above.
Nanostructured Metallic Glasses:
Tailoring the Mechanical Properties of Amorphous Metals
Tobias Brink, Omar Adjaoud, and Karsten Albe
Fachgebiet Materialmodellierung, Institut fu¨r Materialwissenschaft,
Technische Universita¨t Darmstadt, Jovanka-Bontschits-Str. 2, 64287 Darmstadt, Germany
E-mail: {brink, adjaoud, albe}@mm.tu-darmstadt.de
The mechanical properties of metallic glasses cannot only be influenced by their chemical com-
position, but also by their nanostructure: Secondary phases in the form of precipitates, as well
as a nanocrystalline-like structure in the glass are viable options to increase the plasticity of the
material. We performed molecular dynamics simulations on Cu-Zr based metallic glass systems
to investigate the influence of these nanostructures on the mechanical deformation.
1 Introduction
Metallic glasses (MG) are metastable materials that were first synthesised in 1960 by
rapidly quenching an Au-Si alloy from the melt1. In 1988, bulk metallic glasses (BMG)
with sample thicknesses above 1 mm were realised and have enabled the use of MGs in
engineering applications2. These materials are usually highly alloyed to improve the glass
forming ability, thereby reducing the critical cooling rate and increasing the sample thick-
ness. They have advantageous mechanical properties, foremost their high yield strength
and large elastic strain limit. One obstacle for widespread engineering applications is the
brittle failure, especially under tension, of MGs at room temperature2, 3. The origin of this
behaviour, shown in Fig. 1(a), is the localisation of the deformation in a single, dominant
shear band. Unlike dislocations, which are line defects, shear bands are two-dimensional
defects which are softer than the surrounding matrix, leading to shear softening and the
aforementioned strain localisation. Fig. 1(b) compares dislocations with shear bands. Sim-
ilar to crystalline materials, carefully engineered microstructures may offer possibilities
to tailor the mechanical properties. If we take inspiration from these materials, we can
imagine two main approaches for influencing shear band nucleation and propagation in
the glass: (1) Secondary phases in the form of precipitates and (2) a “grain” structure in
the glass. The idea behind composites consisting of a MG matrix with crystalline precip-
itates is illustrated in Fig. 1(c): The crystal phase can either act as an obstacle to shear
band propagation or partake in the plastic deformation. It was found experimentally that
a large volume fraction of crystalline phases can lead to pronounced plasticity even under
tension, for example in Cu-Zr-based MGs4, 5 (for a complete discussion of the relevant lit-
erature see Ref. 6). Despite a growing interest in crystal–glass composite materials, our
understanding of the interaction between shear bands and precipitates is still incomplete.
Recent simulation studies found that crystal–glass interfaces serve as nucleation sites for
shear bands7, but the influence of crystalline precipitates on the propagation of pre-existing
shear bands is not understood in detail. To further advance our understanding of compos-
ite materials, we investigated this scenario in Cu-Zr based MGs. Contrary to precipitates,
which can be grown easily by thermal annealing, a grain structure in amorphous materials
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Figure 1. (a) A shear band in a Cu64Zr36 MG nanowire. The atoms are coloured according to their atomic
strain. (b) Comparison between dislocations in crystals, which are line defects, and shear bands in metallic
glasses, which are planar defects. Propagation of the shear band front leaves a mechanically softened region
behind (red plane in the bottom picture). (c) Similar to precipitates in crystalline metals, precipitates in MGs may
block or influence shear band propagation. (d) Inspired by nanocrystalline metals, nanoglasses consist of glassy
grains and exhibit modified mechanical properties.
at first seems implausible due to the lack of a crystal lattice mismatch at the grain bound-
aries. Still, amorphous nanostructures similar to nanocrystalline samples can be obtained
[cf. Fig. 1(d)]. These so-called metallic nanoglasses (NG) consist of amorphous grains
connected with glass–glass interfaces and can be produced by cold compaction of glassy
nanospheres which are prepared by inert-gas condensation8. The resulting interfaces ex-
hibit changes in density and/or composition compared to the bulk8, as well as a reduced
short-range order9. Sc75Fe25 NGs have been shown to exhibit an excellent plasticity un-
der uniaxial tension relative to BMGs with the same chemical composition10. Molecular
dynamics simulations demonstrate that the deformation behaviour of NGs can be modified
by varying the volume fraction of the glass–glass interfaces7, 11. Nevertheless, previous
structural models obtained with computer simulations are not able to correctly reproduce
the density and composition changes observed experimentally. The goal is therefore to
find a proper structural model for Cu-Zr based NGs and to investigate the deformation
mechanisms of NGs.
2 Computational Methods
To investigate the underlying mechanisms of mechanical deformation, a computational
method with atomic resolution, high performance, and scaling to millions of atoms is re-
quired. In the current work, we therefore employed molecular dynamics simulations using
the software LAMMPS12. The interatomic forces were modelled using the Finnis-Sinclair
type potential for Cu-Zr by Mendelev et al. which provides a realistic description of the
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short range order of the MG13. Deformations used a strain rate of 4×107/s. To stay in
a regime of localised deformation despite the high strain rates, the simulations were car-
ried out at a temperature of 50 K7. The biggest work packages contained up to 18 million
atoms and were run on JUQUEEN using a hybrid OpenMP/MPI scheme with 8 threads ×
4096 processes. We found that LAMMPS efficiently scales to this problem size with only
minor losses. The resulting data were analysed and visualised using OVITO14.
3 Metallic Glasses with Crystalline Nanoprecipitates
We investigated the interaction between an approaching shear band and a crystalline pre-
cipitate in order to understand the plasticity in crystal–glass composites6. To that end we
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Figure 2. Interaction of shear bands with nanocrystalline precipitates. (a) A shear band originating from the
notch on the left (arrow) hits a CuZr precipitate with a diameter of 30 nm. The precipitate does not deform
plastically and the shear band simply wraps around the obstacle. (b) If the particle becomes bigger, the wrapping
becomes impossible and the shear band is stopped. Due to the remaining stress in the system a new shear band is
nucleated immediately perpendicular to the blocked one. (c) By exchanging the crystal phase for a softer one, in
this case copper, we can observe slip transfer into precipitate. The snapshot shows a slice through the middle of
the precipitate, the orange and green atoms represent stacking faults.
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prepared glass samples and inserted precipitates of varying size and with varying distances
between them. We used periodic boundary conditions in y and z direction and free sur-
faces in x direction. To control the origin of the shear band, which would otherwise start
from the crystal-glass interface7 or a random point on the surface, we introduced a notch
on the surface. The notch is positioned such that a shear band nucleating from it under
tensile deformation in z direction will hit the precipitate. First, we inserted CuZr precipi-
tates, using the experimentally observed B2 crystal structure15 and performed tensile tests.
We observed that these precipitates only deform elastically and therefore simply present
an obstacle for the shear band. This may be an artefact of using the Mendelev potential but
presents a good model for precipitates with yield stress far above the glass matrix. Precipi-
tates with a size below 25 nm to 35 nm (the exact diameter depends on the distance between
the precipitates) do not stop the shear band propagation. Instead, the shear band simply
wraps around the obstacle as depicted in Fig. 2(a). In contrast to the case in a crystalline
matrix, this change of direction is made possible by the lack of a crystallographic lattice.
Increasing the precipitate size above the critical diameter leads to behaviour as shown in
Fig. 2(b): The shear band is blocked by the precipitate. The resulting build-up of stress
leads to the nucleation of a second shear band at the crystal–glass interface opposite the
initial shear band. Usually, shear bands move on planes of highest resolved shear stress.
When bypassing an obstacle, the shear band must leave this favourable plane and temporar-
ily move in a plane of lower resolved shear stress. At a critical precipitate size, the resolved
shear stress becomes so low that it is more favourable to nucleate a new shear band. In this
case shear bands may be temporarily stopped or deflected, but tensile plasticity cannot be
achieved: In the end, a dominant shear band will appear and lead to failure shortly after
the elastic limit.
Another case that needs to be taken into account, is a crystal phase that allows a slip
transfer from the shear band in the matrix into the crystal. As a model, we chose copper
precipitates. Due to greatly overestimated unstable stacking fault energies in the Mendelev
potential, we switched to a different Cu-Zr potential, which cannot correctly describe CuZr
in the B2 structure but reproduces the copper fcc crystal16, 17. The results of this simulation
are presented in Fig. 2(c). Instead of blocking the shear band, the precipitate participates in
the plastic deformation: Slip transfer through the particle can be observed. In composites
like this, the blocking of the shear band is replaced by the participation of the crystalline
phase in the plastic deformation. If the crystalline volume fraction is large enough, the
macroscopic mechanical response will be a mixture of both phases. These systems hold
the promise of a mix of favourable properties of crystalline metals and MGs.
4 Nanoglasses: Metallic Glasses with Microstructure
4.1 Synthesis and Microstructure
NGs are obtained by compacting a powder of amorphous nanospheres produced by inert-
gas condensation8. In the inert-gas condensation process, gasses of the constituting el-
ements condense into glassy nanospheres in an inert-gas atmosphere. The spheres are
initially of a high temperature, an aspect of the synthesis not taken into account by previ-
ous atomistic modelling. To simulate the relaxation of the spheres at high temperature, we
first cut a glassy nanosphere with a diameter of 7 nm from a Cu64Zr36 BMG. The glassy
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Figure 3. A nanosphere of Cu64Zr36 glass. To simulate the conditions of inert-gas condensation, the sphere
was annealed slightly above Tg . This leads to a segregation of copper to the surface, where a surface shell
with different composition arises. The graph shows a radial scan through the particle, plotting the percentage of
copper atoms in the current shell (NCu/Ntot). The sphere has a radius of 3.5 nm. The surface layer has a width
of around 0.3 nm. Red atoms are copper, blue atoms zirconium. In the surface shell, copper is depicted in green
and zirconium in yellow.
nanosphere was heated above the glass transition temperature (Tg), held there until equili-
brated, and then cooled down to 50 K18. We determined the composition variation across
the sphere, plotted as a radial profile in Fig. 3. A Cu-rich surface layer with a width of
about 0.3 nm is formed. This layer has an average composition of about 72 at.-% copper.
Due to the small size of the sphere, the core is slightly copper-depleted, resulting in a
composition of Cu61Zr39.
We repeated the procedure described above for several glassy nanospheres with di-
ameters ranging from 6 nm to 8 nm to mimic the size variation in the experiment. Fig. 4
portrays the production of a NG from the powder: The differently sized nanospheres are
compacted by applying a hydrostatic pressure about 5 GPa19, comparable to the experi-
mental conditions8. As can be seen in Fig. 4(b), the surfaces of the nanospheres turn into
interfaces and do not diffuse into the grain interior. The glass–glass interfaces retain their
composition of Cu72Zr28. These effects, which are due to the surface segregation in the
nanospheres, can explain the experimental observation that the interfaces in Sc75Fe25 NGs
have a different composition than the grain (they are iron-depleted)8, a phenomenon that
was not accounted for in earlier atomistic modelling7, 9, 11.
4.2 Plastic Deformation
Using the previously described NG model, we investigated the plastic deformation mech-
anisms under tension20. The engineering stress-strain curve is presented in Fig. 5(b). A
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Figure 4. The glass spheres are cold compacted to produce a nanoglass. The surface shell becomes the inter-
granular interface as evidenced by the colouring of the atoms (same as Fig. 3). This interface retains the changed
composition and exhibits a different density compared to the interior of the grain.
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Figure 5. Tensile test of an NG. (a) A slice of the glass before deformation. The stress-strain curve is plotted in
(b) together with a stress-strain curve for a bulk metallic glass of the same composition. (c–e) Atomic strain in
the slice at 5%, 10%, and 15% macroscopic strain. The deformation almost immediately starts in the interfaces.
The grains deform by small shear bands going through them, as indicated by the green arrows. No single shear
band has moved through the complete system and become critical, thereby allowing for the finite plasticity of the
material.
stress-strain curve of a BMG with the same nominal composition is also shown for compar-
ison. In the case of the BMG, there is a stress drop which is characteristic of the formation
of a single shear band, while this stress drop is not observed in the NG. The steady-state
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stress remains constant until the end of the simulation at 20% total strain, which indicates
that no shear softening is observable. To further get insights into the deformation behaviour
at an atomic level, we inspected the atomic strain, which is displayed in Figs. 5(c–e) at 5%,
10%, and 15% macroscopic strain. The deformation starts in the interfaces, which are char-
acterised by a reduced short-range order and therefore reduced strength. At larger strains,
shear bands start appearing in the grain interiors due to local stress concentrations induced
by grain movement, marked with green arrows in Fig. 5(e). The weakened interfaces also
serve as nucleation sources for shear bands. Due to the random 3D arrangement of grains
no single shear band becomes dominant, leading to significant plasticity, although at the
cost of reduced yield strength. Other simulations already indicate that the grain size also
plays a role11.
5 Conclusion
The mechanical properties of MGs can be tailored via their nanostructure: Both the in-
troduction of secondary phases and of glass–glass interfaces lead to modified shear band
nucleation and propagation which influences the plastic deformation as a result. Shear
bands can get blocked by precipitates only if the crystal does not deform plastically and is
greater than 25 nm to 35 nm. This may lead to the nucleation of new shear bands in lieu
of continued propagation of the blocked ones, but cannot prevent the formation of critical
shear bands. If the precipitates deform plastically, slip transfer from the shear band into the
crystal phase can take place. In these composites, the macroscopic mechanical response is
a mixture of both the glass and the crystal phase. NGs are rather new materials that avoid
critical shear banding much longer than homogeneous MGs due to their inherent nanos-
tructure. The atomic strain is mostly distributed in the glass–glass interfaces, leading to a
more homogeneous deformation. At later stages of the deformation, shear bands appear
inside the grains, where they stay localised. These shear bands do not propagate through
the sample and therefore do not become critical shear bands.
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